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Abstract 

 

This research deals with the development of an algorithm 

that calculates the characteristics of flat coils for 

implantable biomedical devices. This algorithm starts 

from the working frequency in which the inductors will be 

subjected to define the capacitive and inductive values, 

quality factor and bandwidth according to its geometry. 

Based on the calculations obtained by the proposed 

program, two tests were carried out, the first with two 

coils, one with an outer diameter of 10mm and the other 

with a 40mm diameter, the second test was with two coils 

of the same diameter. Where it is shown that the efficiency 

of the inductive coupling is subject to the distance between 

each coil. Notwithstanding to the fact that the operating 

frequency of the link and the characteristics of each 

inductor define its coupling factor and therefore the 

proportion of energy loss of its energy link. 
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Resumen 

 

La presente investigación aborda el desarrollo de un 

algoritmo que calcula las características de bobinas planas 

para dispositivos biomédicos implantables. Este algoritmo 

parte de la frecuencia de trabajo en la que se someterán los 

inductores para definir los valores capacitivos, inductivos, 

factor de calidad y ancho de banda con forme a la 

geometría del mismo. Con base a los cálculos obtenidos 

por el programa propuesto, se realizaron dos pruebas, la 

primera con dos bobinas, una de 10mm de diámetro 

exterior y otro de 40mm, la segunda prueba fue con dos 

bobinas del mismo diámetro.  Donde se demuestra que la 

eficiencia del acoplamiento inductivo este sujeto a la 

distancia entre cada bobina. Además de que la frecuencia 

de operación del enlace y las características de cada 

inductor definen su factor de acoplamiento y por ende la 

proporción de perdida de energía de su vínculo energético. 
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Introduction 

 

In recent decades, various researchers have 

developed different power systems that can 

power implantable biomedical devices (Fang, 

2018), between these proposals, devices 

powered by batteries and magnetic induction 

(Fang, 2018), are defined. The first aspect is 

limited by the life of the battery, in addition to 

its extra size. The second implies the efficiency 

of the inductive link to energize said device and 

that decreases according to the distance between 

them (Harrison, 2007). However, the coupling 

by flat coils provides a more viable solution 

compared to devices that use batteries for their 

operation. The energization through the coupling 

of two coils is established by the principles of a 

transformer idea (Hernández-Sebastián 

et.al.,2020), where the coupling factor k is equal 

to 1. This value implies that all the energy 

radiated by the transmitting coil is equal to all 

the energy concentrated in the receiving coil 

(González, 2012). The value of k decreases as 

the link system presents coupling deficiencies 

between these (Robert L, 2017). This coupling is 

defined by equation 1. 
 

𝑘 =
𝑀

√𝐿𝑇∗𝐿𝑅
           (1) 

 

Where 𝐿𝑇 is the inductance of the 

transmitting coil, 𝐿𝑅 of the receiving coil and M 

the mutual inductance between them. Therefore, 

power transmission efficiencies are based on the 

inductance of each coil and the inductance 

between them. Zhao (2010), defines the 

calculation of the inductance of flat coils, based 

on four constants established by its geometry, 

see table 1, the vacuum permeability 𝜇0, its inner 

and outer diameter, equation 2. 

 

𝐿 =  [
(𝜇0𝑁2𝐷𝑎𝑣𝑔𝐶1)

2
] [ln (

𝐶2

𝜌
) + 𝐶3𝜌 + 𝐶4𝜌2]     (2) 

 

Where ρ equals the filling ratio, 𝐷𝐴𝑉𝐺 the 

average of the internal diameters 𝐷𝑖𝑛 and 

external diameters 𝐷𝑜𝑢𝑡 , these parameters are 

calculated by equations 3 and 4. 

 

𝜌 =  
𝐷𝑜𝑢𝑡 −𝐷𝑖𝑛

𝐷𝑜𝑢𝑡+𝐷𝑖𝑛
          (3) 

 

𝐷𝐴𝑉𝐺 =
𝐷𝑖𝑛 + 𝐷𝑜𝑢𝑡

2
                  (4) 

 

 

 

Geometry C1 C2 C3 C4 

Square 1.27 2.07 0.18 0.13 

Hexagonal 1.09 2.23 0 0.17 

Octagonal 1.07 2.29 0 0.19 

Circular 1 2.46 0 0.2 

 

Table 1 Coefficients to calculate the inductances of 

different coil geometries 

 

However, a coil is made up of resistive and 

capacitive components as shown in figure 1. 

This in order to establish a resonance frequency 

to eliminate capacitive and inductive 

impedances in which the inductive link is 

established. 
 

 
 

Figure 1 Equivalent circuit of a flat coil, L represents the 

inductance, Rac resistive component and Cd the 

capacitance for the resonant circuit 

 

The resistive component is made up of 

three types of resistance, direct current 𝑅𝐷𝐶, skin 

effect δ and proximity 𝑅𝑝 (Abbas, 2014) 

(Yousaf, 2013). 
 

𝑅𝑎𝑐 =  𝑅𝐷𝐶 + 𝛿 + 𝑅𝑝         (5) 

 
Where the Resistance 𝑅𝐷𝐶 is defined as the 

product of the resistivity coefficient of the 

material by its length, between its cross-

sectional area, equation 6. The resistance due to 

skin effect is subject to the effects of the square 

root of the ratio between the resistivity of the 

material and the product of the frequency exerted 

by the permeability, equation 7. The proximity 

resistance originates when there is current in the 

two coils and that is capable of altering the 

magnetic flux between them (Mutashar, 2014) 

(Hernández-Sebastián, et. al., 2018). Where 𝑤 =
𝑓 ∗ 2𝜋, and f is equal to the oscillation 

frequency. 

 

𝑅𝐷𝐶  =  𝜌
𝐿

𝑆
           (6) 

 

𝛿 =  √
𝜌

𝜔𝜇0
            (7) 
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The capacitive component is established 

according to the results obtained in the inductive 

and resistive calculations to determine the 

resonance frequency. Therefore, the total 

impedance of a flat coil is a function of its 

working frequency (Rendon-Nava, 2014) as 

shown in equation 8. 

 

𝑍(𝑤) =  
𝑅𝑎𝑐+𝑗𝑤𝐿

1−𝑤2𝐿𝐶𝑑+𝑗𝑤𝑅𝑎𝑐𝐶𝑑
          (8) 

 

𝑅𝑒(𝑍) =  
𝑅𝑎𝑐

(1−𝑤2𝐿𝐶𝑑)2+𝑤2(𝐶𝑑𝑅𝑎𝑐)2
        (9) 

 

𝐼𝑚(𝑍) =  
𝑤𝐿(1−𝑤2𝐿𝐶𝑑−

𝐶𝑑𝑅𝑎𝑐
2

𝐿
)

(1−𝑤2𝐿𝐶𝑑)2+𝑤2(𝐶𝑑𝑅𝑎𝑐)2       (10) 

 

This resonance frequency and its quality 

factor are characterized by equation 11 and 12, 

if 
𝑅𝑎𝑐

2

𝐿2
⁄ ≪ 1

𝐿𝐶𝑑
⁄ ) equation 10 can be defined 

by equation 13. 

 

𝑊𝑟𝑒𝑠 = √
1

𝐿𝐶𝑑
−

𝑅𝑎𝑐
2

𝐿2          (11) 

 

𝑄0 =  
𝑊𝑟𝑒𝑠

Δ𝑤
          (12) 

 

𝑊𝑟𝑒𝑠 =
1

√𝐿0𝐶𝑑
∗ √

𝑄2

1+𝑄2                (13) 

 

Where 𝑄0  equals the quality factor, 

𝑊𝑟𝑒𝑠 angular resonance frequency and Δw 

bandwidth with a -3dB decay. 

 

The calculation of the mutual inductance 

was defined by Reid R (Harrison, 2007). where 

it defines a method for prediction in the coupling 

of two planar coils related to each other, as 

shown in figure 2, where it describes the mutual 

inductance between the circumferences of the 

related coils, equation 13. 
 

 
 

Figure 2 Coupling of two flat coils linked by magnetic 

fields 

𝑀 =  
1

2
𝜇0√𝑑𝑇𝑑𝑅 [(

2

𝑓
− 𝑓) 𝐾(𝑓) −

2

𝑓
𝐸(𝑓)]  (14) 

 

Where M equals the mutual inductance, 𝑑𝑅 

and 𝑑𝑇 diameter of the receiver and transmitter 

while 𝑓 is the function that depends on the 

displacement z and the diameters of each coil, 

equation 14. 

 

𝑓(𝑑𝑇 , 𝑑𝑅 , 𝑧)  ≡  √
4𝑑𝑇𝑑𝑅

(𝑑𝑇+𝑑𝑅)2+𝑧2
      (15) 

 

The total inductance of the coil coupling is 

obtained by the average of the mutual 

inductances generated by the internal (A, D) and 

external (B, C) circumferences of each coil, as 

shown in equation 15. Where 𝑁𝑅 es the number 

of turns of the receiving coil and 𝑁𝑇 the number 

of turns of the transmitting coil. 

 

𝑀 ≈ 𝑁𝑇𝑁𝑅 [
𝑀𝐴𝐶+𝑀𝐴𝐷+𝑀𝐵𝐶+𝑀𝐵𝐷

4
]       (16) 

 

Equations 1, 2, 8 and 13 establish that the 

position of the inductors, the oscillation 

frequency in which the coils work and their 

characteristics for implantable medical devices, 

mark the efficiency in energy transport. Where 

mutual inductance is a determining factor in 

energy transport and depends on the bond 

distance, as long as they are perfectly aligned 

with each other. For this reason, a visual studio 

program is proposed to calculate the 

characterization of flat coils for the design of 

implantable biomedical devices. 

 

Methodology 

 

As a first aspect, the algorithm calculates the 

inductance of the coil to be designed, for which 

the software asks the user for the geometry of the 

inductor, as shown in figure 3. 
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Figure 3 Graphical interface window to select the 

geometry of the coil to be designed 

 

Once the geometry is defined, the program 

will again ask the user for the number of turns of 

the coil, the internal and external diameter, see 

figure 4, to calculate its inductance, this is done 

using equation 2. 
 

Label Description 

a Button to calculate inductance 

b Text box to enter the number of laps 

c Inside diameter 

d External diameter 

e Average diameters 

f Coil filling ratio 

g Text box to enter the relative permeability 

h, i, j, k Constants of the geometry of each coil 

l Vacuum permeability 

m Inductance 

 

Table 2 Virtual control indicators in figure 4 

 

 
 

Figure 4 Interface to calculate the inductance of the coil, 

with respect to its geometry 

 

 

 
 
 
 

With these data, the software will display 

the mean diameter, the filling ratio (ρ) and the 

inductance, figure 5. The calculation of the 

equivalent RLC circuit for the resonance 

frequency of the inductor is managed by the RC 

button, and it will only be activated if the user 

enters, the width, thickness and material of the 

inductor track, notwithstanding to the working 

frequency and the medium of propagation. 
 

Label Description 

a coil inductance 

b Inside diameter 

c coil resistance 

d Work Frequency 

e track width 

f track thickness 

g Material 

h other material 

i coil turns 

j coil perimeter 

k Capacitance 

l Vacuum permeability 

m Button to calculate the RLC circuit 

n propagation medium 

o Other means of propagation 

 

Table 3 Virtual control indicators in figure 5 

 

 
 

Figure 5 Interface for calculating the RLC equivalent 

circuit of the inductor 

 

The width of the track is used to find the 

resistance of the coil, which is related to the 

thickness of the track, the material that makes it 

up and the medium in which it propagates. The 

results of the equivalent circuit of the calculated 

coil are generated through an interface that 

shows the equivalent circuit and its frequency 

response, figure 6. 

 

 
 

Figure 6 Interface window of the RLC equivalent circuit 

and the bandwidth of the coil, as well as its quality factor 
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The evaluation of the software was carried 

out with a base resonance frequency of 40 Mhz 

for two flat coils, the first with an external 

diameter of 10 mm and 4 mm in its internal 

diameter "coil A". The results are observed in 

table 3 where the inductance, resistance and 

capacitance are shown together with the 

coupling factor of each geometry of the 

calculated coil. 
  

L R C Q 

Octagonal 0.805µH 0.0845 Ω 19.6pF 2393.60 

Circular 0.784µH 0.079 Ω 20.01pF 2465.53 

Square 0.936µH 0.101 Ω 16.91pF 23101.33 

Hexagonal 0.8056µH 0.088 Ω 19.66pF 2295.63 

 

Table 3 Results of the program for the design of a flat coil 

of 10 mm width 

 

In the second coil, it was calculated with a 

diameter of 10 mm internal radius and 40 mm 

external radius "coil B". The characterization of 

the geometries of each coil is shown in Table 4. 
  

L R C Q 

Octagonal 0.395µH 0.015 Ω 40pF 6474.30 

Circular 0.392µH 0.0145 Ω 40.3pF 6792.38 

Square 0.4685µH 0.0184 Ω 33.79pF 6373.72 

Hexagonal 0.3902µH 0.016 Ω 40.57pF 6129.9 

 

Table 4 Results of the program for the design of a 40 mm 

wide flat coil 

 

The calculations obtained show that the 

circular coil has a lower resistance than the other 

coils, which gives it a better-quality factor. 

However, for practical design purposes in the 

manufacture of the inductors, only square coils 

and a 40 Mhz oscillator with an amplitude of 8V 

at a current of 50 mA were built, as shown in 

figure 7. 

 

 
 

Figure 7 a) 40 MHz oscillator module and 40 mm 

transmitter coil b) 10 mm receiver coil 

 

 

 

 

 

 

 

 

Results 

 

Two tests were performed at distances between 

0 and 7 cm, figure 8, the first test was with a coil 

A and B, according to the characteristics 

calculated by the software. The values of the 

voltage measurements of the first test are 

observed in table 5 and its behavior of this 

voltage in figure 9. While the results of the 

second test are observed in table 6 and figure 10. 
 

 
 

Figure 8 a) Cylinders for measuring the adsorption of the 

receiving antenna. b) placement of each cylinder between 

the two antennas 

 

Distance (cm) Voltage (mV) Efficiency (%) 

0 300 3.75 

1 80 1 

2 20 0.25 

3 6 0.075 

4 20 0.25 

5 18 0.225 

6 17 0.2125 

7 9 0.1125 

 

Table 5 Efficiency test results of the receiving antenna (10 

mm) 

 

 
 

Figure 9 Graph of the voltage obtained with respect to the 

distance of table 4 

 

Distance (cm) Voltage (mV) Efficiency (%) 

0 2000 25 

1 640 8 

2 290 3,625 

3 135 1,6875 

4 75 0,9375 

5 52 0,65 

6 44 0,55 

7 34 0,425 

 

Table 6 Efficiency test results of the receiving antenna (40 

mm) 
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Figure 10 Graph of the voltage obtained with respect to 

the distance of table 5 

 

Nevertheless, measurements were made of 

two coils of 40 mm external diameter that were 

coupled together at a distance of 1.5 cm apart, 

the results in voltage and efficiency are shown in 

table 7 and figure 11. 
 

Frequency MHz Voltage (mV) Efficiency 

(%) 

40 400 5 

16 40 0,5 

12 30 0,375 

6 20 0,25 

4 10 0,125 

 

Table 7 Transmission efficiency results with respect to 

frequency 

 

 
 

Figure 11 Graph of transmission efficiency with respect 

to frequency 

 

Thanks  

 

Tecnológico de Estudios Superiores de Chalco 

SYS-DT S.A de C.V 

 

Conclusions 

 

The size of the coupled flat coils is a determining 

factor in the efficiency of the inductive link, 

nevertheless to the quality factor of each of them, 

since it governs the amount of radiation or 

absorption. 

 

 

It is deduced by equation 13 described by 

Reid R (Harrison, 2007) and confirmed by the 

graphs in figures 10 and 11. This efficiency is 

also determined by the coupling distance 

between them and the working frequency 

radiated by the transmitting coil (Hernández-

Sebastián et.al., 2018 and Hernández-Sebastián 

et.al., 2020), this is due to the fact that, if the 

inductive link does not oscillate at the resonant 

frequency of the inductors, capacitive and 

inductive impedances are generated that prevent 

the passage of current in both, as can be seen in 

the graph in figure 6. 
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